Predation at the lowest trophic level, i.e. between bacteria, is poorly understood, hindering efforts to assess its impact on the structure of bacterial communities. The interaction of Bdellovibrio and Bacteriovorax ( Bdellovibrio and like organisms, BLOs), a group of obligate, ubiquitous predatory bacteria, with their Gram-negative bacterial prey results in the multiplication of the predator and in the lysis, but not in the eradication, of the prey. We show that the residual, surviving populations of prey cells exposed to predation stress differ from the populations before exposure, as they exhibit increased resistance to predation. This resistance was demonstrated in a number of Gram-negative prey. Moreover, predation resistance is not specific for the BLO strain experienced by the prey. The phenomenon does not stem from a mutation but is a plastic response associated with a phenotypic change, and it disappears upon removal of the predator. As resistance to predation is not total, this mechanism can ensure survival of both predator and prey.
Introduction
At every level in the tree of life, organisms are confronted with parasites and predators but are able to maintain extant populations. The maintenance of these extant prey populations in the presence of predators is considered to be a property of ecosystems and has been integrated in ecological theories (Lotka, 1925) , which can include mechanisms explaining the damping of population oscillations (Nicholson and Bailey, 1935) , thus facilitating their co-existence. Co-existence of prey and predator is widespread among bacteria-feeding microorganisms, such as protozoa, Dictyostelium and Bdellovibrio and like organisms (BLOs), a group of obligate predatory bacteria ubiquitously found in water, in soil, associated with biofilms and with marine and land animals (Alexander, 1981; Jurkevitch, 2000; Schwudke et al ., 2001) . Because microbial predation, including that by BLOs, is a convenient and accurate system, it has been used as a model for predator-prey interactions (Afigenova et al ., 1978; Wilkinson, 2001 ). Yet, mechanisms underlying the dynamics of BLOprey interactions are poorly understood, so the actual impact of BLOs on the structure of bacterial communities has been hard to assess (Rice et al ., 1998) . Under laboratory conditions, the interaction of a BLO predator with a bacterial prey results in the lysis of the prey culture and in the proliferation of the predator. However, prey cells are never eradicated from the suspension, and a small residual population always remains, even though predators can be found at three to five orders of magnitude above the prey level (Keya and Alexander, 1975) . In the past, such results were explained by the low probability of a predator finding a prey (Varon and Zeigler, 1978; Alexander, 1981) . The results of this study show that prey populations exhibit a plastic phenotype enabling them to exhibit reversible resistance to BLOs upon exposure to the predator. This behaviour can explain the co-existence of both the predator and its prey.
Results
Inoculation of a suspension of Erwinia carotovora ssp. carotovora (hereafter Ecc) prey cells with a plaque of the predator Bdellovibrio bacteriovorus SNE resulted in lysis of the prey and development of the predator (Fig. 1A) . However, the prey was not totally eliminated and, in spite of the high concentration of predatory cells obtained in such lysates in overnight cultures ( > 10 8 cells ml
), a fraction of the prey population remained alive and was able to grow, leading to an increase in prey cell numbers in the presence of the predator (Fig. 1A) .
When a suspension of predatory SNE cells obtained in such lysates (and therefore containing residual prey cells at low levels) was used at two different final concentrations (10 6 -10 7 and 10 8 -10 9 pfu ml -1
) and added to fresh, naive Ecc prey cells (final concentration 10 5 cfu ml was only detected in the suspension containing the low concentration of predators. This occurred during the first 100 min after the mixing of the predators with the prey cells (Fig. 1B) . As the concentration of predators was set by dilution of the original lysate, the level of residual prey cells carried along with the added predator was lower in the suspension with the lower level of predators than in the one containing a higher concentration of added predators. In a subsequent experiment, standard overnightgrown lysates were again diluted to prepare suspensions containing a high or a low concentration of predators but, in that case, the concentration of residual, carried over prey cells was equalized in both suspensions by dilution and filtration through 0.45 m m membranes of the predatory cell suspension before adding fresh, naive Ecc prey cells. In sharp contrast to the previous experiment, predation was more efficient in the treatment with a higher concentration than in the treatment containing a lower concentration of predatory cells (Fig. 1C) . However, after an initial, rapid decline in cell number, prey cell growth rebounded in both treatments. We therefore hypothesized that the residual, surviving predator-exposed prey population (R cells), originating from the lysate in which the predator was first grown, was more resistant to predation than naïve prey (S cells) populations, and was able to grow in the presence of the predator. The more concentrated the initial, unfiltered predator cell suspension added (Fig. 1B) , the higher the initial R prey cell concentration carried along with it, hence the weaker the observed, overall effect of predation. To confirm the above hypothesis, concentrated suspensions of prey R cells were exposed to high concentrations of predatory cells. In contrast to control S cells at the same concentration that were cleared rapidly, the R population remained stable ( Fig. 2A) . Similar experiments were performed with other predators and prey, such as B. bacteriovorus 109 J and Escherichia coli ML35 (see below) and B. bacteriovorus SNE and Pseudomonas syringae , which yielded similar results, indicating that the phenomenon was not restricted to Ecc. Moreover, increased resistance to predation was not unique to the predator experienced. A suspension of Ecc R prey cells was as resistant to an equally proportioned mixture of predators including strain SNE, a second B. bacteriovorus strain and a Bacteriovorax stolpii strain as to SNE predatory cells alone (Table 1) . Each of these strains was able to lyse naïve Ecc prey cells alone.
To demonstrate this increased resistance response further and to track concomitantly the fate of both Ecc R and S prey populations, a suspension of R, unlabelled cells was mixed with a suspension of S cells labelled with a red fluorescent protein (DsRed) and exposed to B. bacteriovorus SNE. Although a two orders of magnitude reduction in the S population was observed within 120 min after the addition of the predator, the R population increased slightly under the same conditions (Fig. 2B) . The same pattern was visualized using differentially labelled E. coli S and R cells (Fig. 2C-F) . Thirty-five minutes after the addition of the predator B. bacteriovorus 109 J, S cells labelled with a green fluorescent protein assumed the round, characteristic shape of bdelloplasts (a prey cell containing an internalized BLO and assuming a round shape). These cells were virtually eliminated from the mixture within about 3 h, whereas the population of R, DsRed-labelled cells was almost unaffected by the predator. It should be emphasized that resistance towards predation was relative: a slow rate of infection of DsRedlabelled R prey cells, resulting in the appearance of bdelloplasts, was observed.
Video microscopy was used to follow the dynamics of the interaction between B. bacteriovorus SNE and Ecc R or S prey cells ( Supplementary material , part 2). The predators were clearly seen attaching to and covering naïve S cells within a few minutes. These were then rapidly penetrated and transformed into bdelloplasts. Much fewer encounters led to attachment of the predators on R cells, which also appeared to be longer than S cells (see below). This behaviour was similar to that of B. bacteriovorus unable to prey upon Neisseria gonorrhoeae cells when predator and prey were mixed together (Drutz, 1976) . As in the experiment above, continuous transformation of R cells into bdelloplasts was also observed, albeit at a much lower rate than with S cells.
No diffusible signals appeared to be responsible for this hardening towards predation, nor did the phenomenon appear to result from the ageing of prey cultures: prey grown in filtered or sterilized spent medium from a lysate or in a dialysis tube immersed in a two-membered SNEEcc culture or kept without predators in growth medium for a period equal to that necessary to form a lysate were as sensitive to predation as a naïve prey suspension grown in nutrient broth (results not shown). Increased resistance to predation was not a stable property but appeared to be transient: liquid cultures obtained by growing colonies of surviving R cell populations isolated on nutrient agar were as efficiently cleared by predators as control suspensions of naïve cells. The transient nature of the phenomenon was also seen when concentrated, bdellovibrio-free Ecc R cells were subcultured overnight in nutrient broth, concentrated and resuspended in fresh buffer in the presence of B. bacteriovorus SNE. Over 99.5% of these cells were preyed upon in less than 1 h after mixing with the predator. Still, control populations of naïve cells were 10 times more sensitive to predation. Moreover, after 3 h of contact with the predator, no further decline in the level of R populations was observed, whereas cells in the control suspension were still being preyed upon (Table 2) . Another characteristic of R cells was their increased size compared with S cells (Fig. 3) . This significant increase in cell length in R (2.6 ± 0.3 m m) over S (1.6 ± 0.1 m m) cells was observed in buffer, in DNB and in 3-day-old lysate, excluding the possibility that it resulted from a higher abundance of nutrients in the lysate. This was also seen in the other prey used in the study.
Discussion
BLOs form very heterogeneous groups with large internal phylogenetic diversity and exhibit very different prey ranges (Jurkevitch et al., 2000; Snyder et al., 2002) . Like other predators, they are found at low levels relative to prey populations. In this study, we show that the lack of eradication of the prey by BLO predators stems from increased resistance to predation after exposure to the predators. The non-eradication of prey by BLOs has been documented in numerous BLO studies involving many different prey (for an example, see Jurkevitch et al., 2000) . The large phylogenetic and prey range diversity, along with the increased resistance phenomenon described, which may be assimilated to an evasion strategy to predation, suggest that bacteria-bacteria predatory interactions in Gram-negative cells is not a fortuitous but a rather common event in the environment, and that BLOs have an impact on bacterial populations.
The transient nature of the resistant phenotype suggests that it is a phenotypic plastic response, and not a mutational event: fitness is maximized in a variable environment, the presence of the stress (predators in that case) is unpredictable, and the response at the population level (increased resistance) is relative, not absolute (Agrawal, 2001 ). Selection for a totally predation-resistant, stable variant of Photobacterium leiognathi was obtained in a chemostat of dual cultures of a BLO predator with a prey and after 6 days of co-culture, following reciprocal population oscillations (Varon, 1979) . Although the basis of this resistance was not examined, the phenotype appeared to result from a stable mutational event with pleiotropic effects, such as a reduced growth rate. If a single mutation had caused the increased resistance phenotype observed in the present study, and reversion its disappearance, it would have taken about 35 generations for a revertant to yield the population level of predationsensitive cells observed in predator-free overnight (ª 15 h) subcultures, using a reversion rate of 10 -6 and starting with 10 4 cells ml -1
. As the generation time of the Ecc strain in NB is nearly 60 min (Shemesh, 2002) , only about 16 generations are engendered during that time frame. Therefore, a reversible mutation cannot explain the fast expansion of the predation-sensitive phenotype as phenotypic plasticity does.
Plastic changes in size distribution leading to decreased grazing and community structure changes have been described in the interaction of bacteria with protozoa (Hahn and Hofle, 1999; Hahn et al., 2000) , and partial or total resistance to attack by bacteriophages is a mutationbased event leading to rapid evolution of the host bacterial population (Bohannan and Lenski, 2000) .
Signals and costs are as yet unidentified, but both could be involved in triggering and ending the response against predation respectively. Although no diffusible signal produced by prey cells could be detected, the predator itself may initiate resistance: during penetration of a prey cell by a BLO predator, enzymes exhibiting lytic activities are produced, which may be involved in the exclusion mechanism, i.e. in preventing surinfection of bdelloplasts, and may also lead to great alterations in the cell's surface structure (Thomashow and Rittenberg, 1978; Tudor et al., 1990) . It can be hypothesized that, during ineffective encounters, low levels of enzymatic activity from the predator trigger the hardening effect, reminiscent of defence response mechanisms of plants induced by exposure to elicitors originating from the degradation of their own cell wall by pathogens (Fry et al., 1993; Doares et al., 1995; Boudart et al., 1998) .
A phenotypic change that may place a burden on R cells and could explain the reversibility of the phenomenon 
B
A was also discerned: R cells were significantly larger than S cells. Size increase in the R population was seen in buffer, in DNB and in 3-day-old lysates, excluding the possibility that it resulted from nutrients being more abundant in the lysate. During starvation stress, cell size is usually reduced (Givskov et al., 1994; Marco-Noales et al., 1999) , but other stresses, such as elevated temperatures, osmotic upshock and the presence of antibiotics, have been shown to stimulate cell enlargement (Cooper, 1991; Galinski, 1995) . Observations of thin sections of R and S cells by transmission electron microscopy did not reveal significant alterations in the thickness or shape of the cell wall (not shown). Nevertheless, it cannot be excluded that the topography of the cell surface is affected: it was shown very recently, using atomic force microscopy, that the surface texture of prey cells under attack is rough like that of uninvaded cells, except in the immediate vicinity of the site at which the bdellovibrio attack occurred, where it resembles the smooth surface texture of bdelloplasts (Nunez et al., 2003) .
In conclusion, we have shown that the non-eradication of the residual prey population in BLO-prey systems does not stem from the incapacity of the predator to encounter prey cells at low concentration, as suggested previously (Varon and Zeigler, 1978; Jackson and Whiting, 1992) , but from increased resistance of the surviving cells to predation. Therefore, as resistance in the prey population increases, the efficiency of predation decreases, resulting in a decoy-like damping effect on predator-prey oscillations (Wilkinson, 2001 ). However, as resistance is not total, this mechanism may ensure both the survival of the predator and the recovery of the prey.
Experimental procedures

Bacterial growth and bacterial counts
BLO strains were obtained from either the American Culture Type Collection (109 J) or the laboratory collection. Species assignation of hitherto unpublished strains was based on 16S rRNA phylogeny. Bdellovibrio bacteriovorus SNE and Bacteriovorax stolpii FCE were isolated from soil and from the rhizosphere of strawberry using Erwinia carotovora ssp. carotovora (Ecc) as a prey. B. bacteriovorus CHI was isolated from fresh water with Escherichia coli as a prey (kindly provided by F. Torrella, Murcia, Spain). Prey suspensions of Ecc and E. coli were grown routinely in nutrient broth. Predators were counted as plaque-forming units (pfu) developing on a lawn of prey cells. Prey cells were enumerated as colonyforming (cfu) units on nutrient agar or in media amended with 50 mg ml -1 kanamycin for DsRed-labelled cells and 100 mg ml -1 spectinomycin for enhanced green fluorescent protein (EGFP)-marked cells (detection limit ª10 1 cfu ml -1 ). Standard BLO-induced lysates were obtained by adding a plug of agar containing a BLO plaque (about 10 6 pfu ml -1 ) to about 10 8 cfu ml -1 washed prey and incubating overnight to reach a final concentration of ª10 9 pfu ml -1 predator and 10 3 -10 4 cfu ml -1 residual, surviving prey (R cells). In most experiments, filtered predators (0.45 mm, eliminating prey cells while letting the predator pass through) were added to prey suspensions at a final concentration of 10 8 pfu ml -1 . In some cases, filtered and unfiltered suspensions of predators including residual prey were used at low (from 10 6 to 10 7 ) or high (from 10 8 to 10 9 pfu ml -1 ) concentrations to which 10 5 cfu ml -1 fresh, naïve Ecc prey cells (S cells) were added. In some comparative predation experiments between R (predationresistant) and S (predation-sensitive) prey cells, the concentration of R cells was equalized (usually around 10 4 cfu ml -1 ) in the different treatments. R prey cells from standard lysates were concentrated (4000 r.p.m., 10 min, 4∞C) and resuspended in 25 mM Hepes buffer (pH 7.4) or in diluted nutrient broth (DNB; Jurkevitch et al., 2000) . Aliquots were then stained with DAPI (2 mM), cells were counted by epifluorescence microscopy under oil immersion using a grid ocular (Olympus BX51), and suspensions were adjusted by further concentration or by dilution. Similar results were obtained using Hepes buffer or DNB.
To evaluate the disappearance of resistance to predation in Ecc R cells, a lysate suspension (about 10 8 pfu ml -1 predators and 10 4 cfu ml -1 R cells) was incubated with kanamycin to reduce the concentration of predators (<600 pfu ml -1 ), then subcultured overnight in nutrient broth to 6-7 ¥ 10 8 cfu ml -1 . Cells were centrifuged, and about 7 ¥ 10 6 cells ml -1 were resuspended in Hepes buffer and exposed to 1 ¥ 10 8 pfu ml -1 freshly obtained, 0.45-mm-filtered B. bacteriovorus SNE. Predator naïve prey cells in a control treatment were treated similarly. In these experiments, Ecc prey cells bearing a kanamycin resistance gene were used.
All experiments were performed at least twice with at least three replicates per treatment.
Plasmids
Plasmid pP rrnB -dsRed encoding for the DsRed protein under an rrnB1 promoter (J. Leveau, KNAW, Heteren, Holland) was introduced into Ecc and E. coli ML35 by electroporation (10-20 ng, 5 ms, 17 kV). Transformants were selected on nutrient agar amended with 50 mg ml -1 kanamycin. Plasmid pmut2 (Cormack et al., 1996) containing a gene encoding for EGFP was introduced into E. coli ML35, and transformants were selected on LB plates amended with 100 mg ml -1 spectinomycin. The plasmids were 100% stable within the time frame of the experiments in the absence of antibiotics, as demonstrated by dilution plating on antibiotic-free and antibioticcontaining plates. The colonies developing on the latter plates were all fluorescent. Also, no plasmid transfer between plasmid-bearing and plasmid-free populations occurred within that time frame.
Confocal microscopy
In experiments with mixed cultures of R and S prey cells, each bearing a different reporter gene, R cells from a lysate of DsRed-labelled E. coli cells were mixed with a suspension of S, EGFP-labelled E. coli cells and 5 ¥ 10 8 pfu ml -1 B. bacteriovorus 109 J. Aliquots taken at determined time points were frozen for 20 min in order to neutralize the predator, thawed, centrifuged and resuspended in 0.1 M Hepes buffer at a final concentration of about 10 7 prey cells ml -1 . A sample of 10 ml was placed on a gelatin-covered slide, air dried, mounted in Citifluor and examined by confocal microscopy using a 488 nm Kr-Ar illuminating laser light under oil immersion (Axiovert 100M, LSM50, Zeiss).
Electron microscopy
A drop of cell suspension was placed on a microscope grid, and excess liquid was blotted. The sample was then counterstained with a 1% (w/v) solution of uranyl acetate for 30 s and examined in a Jeol 100-CX transmission electron microscope. Cell length was calculated by measuring all the cells in at least three different fields in two experiments.
Video monitoring of predator-prey interactions (Supplementary material)
An aliquot of Ecc R or S prey cells was left to adhere to the surface of a glass slide for 1 h in a humid flow chamber. A suspension of 0.45-mm-filtered predatory SNE cells (10 9 cells ml -1 ) was introduced to the one end of the flow chamber and drawn from the other end by gentle suction. The flow chamber was placed under a microscope (¥800 magnification; Zeiss) connected to a video camera (Panasonic AG-7330). The film was recorded on a video recorder (Panasonic AG-7355), and 5-s-long scenes at 5 min interval were converted to digital standard using FINALCUTPRO3 (Apple Computer). Small, swimming Bdellovibrio cells are seen in the fuzzy background and attached predators as small dots on prey cells.
Supplementary material
The following video material is available from http:// www.blackwellpublishing.com/products/journals/suppmat/ emi/emi530/emi530sm.htm Fig. S1 . Interaction of native (part one) , and concentrated, previously Bdellovibrio-exposed (part 2) Erwinia carotovora subsp. carotovora prey cells with the predator Bdellovibrio bacteriovirus SNE. In each movie, the first five seconds show the adhered prey cells on the glass surface, without predator. The decline in cell number seen in the naive cell suspension during the course of the experiment is due to detachment from the surface. Swimming Bdellovibrio cells are seen in the fuzzy background and attached predators as small dots on prey cells.
